Telomeres adopt a lariat conformation and hence, engage in long and short distance intra-chromosome 24 interactions. Budding yeast telomeres were proposed to fold back into subtelomeric regions, but a robust 25 assay to quantitatively characterize this structure has been lacking. Therefore, it is not well understood 26 how the interactions between telomeres and non-telomeric regions are established and regulated. We 27 employ a telomeric chromosome conformation capture (Telo-3C) approach to directly analyze telomere 28 folding and its maintenance in S. cerevisiae. We identify the histone modifiers Sir2, Sin3 and Set2 as 29 critical regulators for telomere folding, which suggests that a distinct telomeric chromatin environment 30 is a major requirement for the folding of yeast telomeres. We demonstrate that telomeres are not folded 31 when cells enter replicative senescence, which occurs independently of short telomere length. Indeed, 32 Sir2, Sin3 and Set2 protein levels are decreased during senescence and their absence may thereby 33 prevent telomere folding. Additionally, we show that the homologous recombination machinery, 34 including the Rad51 and Rad52 proteins, as well as the checkpoint component Rad53 are essential for 35 establishing the telomere fold-back structure. This study outlines a method to interrogate telomere-36 subtelomere interactions at a single unmodified yeast telomere. Using this method, we provide insights 37 into how the spatial arrangement of the chromosome end structure is established and demonstrate that 38 telomere folding is compromised throughout replicative senescence. 3 39
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Abstract 23 Telomeres adopt a lariat conformation and hence, engage in long and short distance intra-chromosome 24 interactions. Budding yeast telomeres were proposed to fold back into subtelomeric regions, but a robust 25 assay to quantitatively characterize this structure has been lacking. Therefore, it is not well understood 26 how the interactions between telomeres and non-telomeric regions are established and regulated. We 27 employ a telomeric chromosome conformation capture (Telo-3C) approach to directly analyze telomere 28 folding and its maintenance in S. cerevisiae. We identify the histone modifiers Sir2, Sin3 and Set2 as 29 critical regulators for telomere folding, which suggests that a distinct telomeric chromatin environment 30 is a major requirement for the folding of yeast telomeres. We demonstrate that telomeres are not folded 31 when cells enter replicative senescence, which occurs independently of short telomere length. Indeed,
32
Sir2, Sin3 and Set2 protein levels are decreased during senescence and their absence may thereby 33 prevent telomere folding. Additionally, we show that the homologous recombination machinery, 34 including the Rad51 and Rad52 proteins, as well as the checkpoint component Rad53 are essential for 35 establishing the telomere fold-back structure. This study outlines a method to interrogate telomere-36 subtelomere interactions at a single unmodified yeast telomere. Using this method, we provide insights 37 into how the spatial arrangement of the chromosome end structure is established and demonstrate that 38 telomere folding is compromised throughout replicative senescence.
39
Author summary 40 Telomeres are the protective caps of chromosome ends and prevent the activation of a local DNA 41 damage response. In many organisms, telomeres engage in a loop-like structure which may provide an 42 additional layer of end protection. As we still lack insight into the regulation of the folded telomere 43 structure, we used budding yeast to establish a method to measure telomere folding and then study the 44 genetic requirements for its establishment. We found that cells require the homologous recombination 45 machinery as well as components of the DNA damage checkpoint to successfully establish a folded 46 telomere. Through the deletion of telomerase in budding yeast, we investigated how telomere folding was regulated during replicative senescence, a process that occurs in the majority of telomerase negative 48 human cells. During senescence, telomeres gradually shorten and erode until cells stop dividing which 49 is a potent tumor suppressor and prevents unscheduled growth of potential cancer cells. We found, that Introduction 54 Telomeres are essential nucleoprotein structures at the physical ends of eukaryotic chromosomes 55 consisting of non-protein coding DNA repeats and telomere bound protein complexes. In human cells, 56 telomere structure and function are controlled by a six-protein complex called Shelterin, that binds to 57 telomeres in a sequence specific manner (1). In yeast, these functions are executed by the CST (Cdc13-58 Stn1-Ten1) complex (2) together with Rap1, Rif1 and Rif2 (3-5). Although telomeres resemble a one-59 ended DNA double strand break (DSB) they are refractory to being acted upon by the DNA damage 60 response (DDR) (6). Hence, telomeres prevent illegitimate repair events that would cause chromosome 61 end-to-end fusions and lead to genome instability (6). This "end protection" property of telomeres has 62 largely been attributed to the associated protein binding complexes, but a telomeric loop structure 63 (t-loop) also appears to be critical. Telomeric lariat structures have been demonstrated in species ranging 64 from yeast to human (7-13), however, their properties may vary considerably between organisms. In 78 Human and mouse t-loops can be visualized via electron-and super resolution-microscopy (13, 14, 20) .
79
The existence of looped structures could also be shown microscopically in K. lactis harboring 80 overelongated telomeres (11). The short length, and base composition, of S. cerevisiae telomeres prevent 81 such microscopy-based approaches, hence only genetic-and chromatin immunoprecipitation (ChIP) -82 based experiments have been employed to study telomere folding in yeast (12, 15, 16, 19) . A major 83 concern of the genetic approach is that the subtelomere is deleted and modified with a reporter 84 (12, 15, 19) , which may strongly alter protein composition and chromatin status in the vicinity of the 85 telomere. On the other hand, ChIP of telomeric proteins to the subtelomere may indeed represent 86 telomere folding, however the spreading of telomere binding proteins into subtelomeric regions cannot 87 be completely ruled out (15, 16) .
88
Telomeres become shortened with each cell division due to the end replication problem (21) (22) (23) Fig 1A) .
142
To ensure the specificity of the Telo-3C procedure we performed the protocol without ligating or 143 digesting the chromatin. In these conditions, we did not detect a 3C product of the same intensity as 144 compared to the complete Telo-3C protocol ( Fig 1C) . Similarly, when the chromatin was not crosslinked 145 with formaldehyde, a 3C PCR product was not detectable even with increasing amounts of chromatin 146 input ( Fig 1D) . This suggests that a specific 3C PCR product could only be amplified when the loci of 147 interest were located in close proximity. We were interested in measuring the interaction of the telomeric 148 repeats with several loci along the subtelomere and designed primers according to the NcoI restriction 149 sites that were available ( Fig 1B) . Primer P5, directly juxtaposed to the telomere repeat sequences, was 150 used as an anchor primer in combination with P6, P7 and P9 thereby comparing the interaction of the 151 telomeric repeats to a subtelomeric region with a distance of ~2 kb (P6) and ~9 kb (P7). With P9 we 152 chose a primer outside the region which we would define as subtelomere with a distance of ~47 kb from 153 the telomeric repeats. The interaction frequency was reduced to half when moving from a ~2 kb (P6) to 154~ 9 kb (P7) distance from the telomeric repeats ( Fig 1E) . We also detected a 3C product between primers 155 P5 and P9 (~47 kb) which suggests that the telomere may also interact with loci of greater distance to 156 the telomeric repeats, although with a reduced frequency ( Fig 1E) . The sequence of all depicted 3C PCR 157 products was confirmed by Sanger sequencing. In order to understand if telomere folding occurs more 158 frequently than a random interaction of two loci on the same chromosome, we analyzed chromosome 159 interactions at internal NcoI restriction sites on chromosome 1 ( Fig 1F) . The respective 3C primers (P10 160 (anchor), P11 and P12) have similar distances as the ones used on subtelomere 1L. Although we could 161 detect a weak interaction between loci using the internal primer sets, the interactions between telomere 162 1L and its subtelomere were more robust. These results demonstrate that the interaction at the end of the 163 chromosome occurs more frequently than a random encounter of two loci on the same chromosome ( Fig   164  1G ).
165
In summary, we established and validated a 3C method that detects the direct interaction of telomeric 166 and subtelomeric regions on a single chromosome, which provides further evidence for the presence of 167 a folded structure at chromosome ends in budding yeast. It appears, that telomere folding occurs more 168 frequently, or more stably, than internal interactions on the same chromosome. Moreover, the telomeric 169 repeats might touch down at multiple regions, and the interaction frequency diminishes with increasing 170 distance from the telomeric tract.
171
Telomere 1L opens during replicative senescence
172
To understand how telomere structure may be regulated throughout the process of replicative 173 senescence, we passaged budding yeast lacking the RNA component of telomerase (TLC1) over multiple 174 generations to induce gradual telomere shortening (45). As expected, the tlc1 cells progressively 175 experienced decreased growth potential (Fig 2A) . The loss of viability was caused by telomere 176 shortening due to the lack telomerase activity, as shown in a telomere restriction fragment analysis ( repeats by the appearance of multiple additional bands on the Southern blot (46) ( Fig 2B) . We employed 181 Telo-3C during this time course and measured the interaction of the telomere 1L with its subtelomere at 182 the indicated time points (+ in Fig 2A) . Telo-3C analysis at PD 9 revealed that telomere folding of tlc1 183 mutants was comparable to wt telomeres, despite their telomeres being much shorter that wt telomeres 184 ( Fig 2B, C) . However, when tlc1 cells had critically short telomeres and approached the point of 185 telomeric crisis, telomere folding decreased significantly (PD 47, 56 and 64 in Fig 2C) . In survivors, 186 however (PD 101 in Fig. 2C ), telomeres re-acquired the ability to establish a fold-back structure. Using 187 a probe specific for telomere 1L, we confirmed that the length of telomere 1L approximately followed 188 the same shortening and recombination pattern as bulk telomeres (S1A Fig 
191
The fact that telomeres remain folded at PD 9 ( Fig 2C) suggests that telomere shortening alone is not 192 responsible for loss of the folded structure. To address this further, we employed Telo-3C in several 193 yeast mutants with very short, albeit stable, telomeres. All of the mutants analyzed harbored telomeres 194 (both bulk telomeres and 1L specifically) that were comparable in length to telomerase negative tlc1 195 cells but showed neither progressive shortening nor a senescence phenotype (Fig 2D, E) . We found that 196 the telomere 1L of these mutants established a fold-back structure that varied in strength between 197 mutants, but was consistently more frequent than in tlc1 mutants ( Fig 2F) . This suggests that short 198 telomeres per se are still able to fold back onto the subtelomere.
199
As replicative senescence is induced by a cell cycle arrest due to a DNA damage response at telomeres,
200
we investigated whether other forms of DNA damage would also result in an open telomere state. Upon 201 treatment of wild type cells with the DNA damaging agent methyl methanesulfonate (MMS), we 202 observed decreased telomere folding, that became more pronounced over time ( Fig 2G) .
203
In conclusion, we demonstrate that critically short telomeres open their folded structure during 204 replicative senescence and prolonged exposure to MMS. The opening of the fold-back structure is not 205 solely due to the short nature of these telomeres during senescence. Instead, the decreased telomere 206 folding ability during crisis might rather be due to other features of the "senescence program" of these 207 cells.
208 Rad51, Rad52 and Rad53 are required for telomere folding
209
In order to identify regulators of telomere folding, we first employed a candidate approach of factors 210 that could potentially influence telomere fold-back formation and maintenance. First, we chose to 211 investigate the impact of the structural maintenance of chromosomes (SMC) complexes on telomere 212 folding. Cohesin and condensin have been demonstrated to play important roles in terms of 213 chromosomal architecture, including chromatin loop formation and chromatin condensation, 214 respectively (47). We also wanted to test if the SMC5/6 complex might be involved in telomere folding 215 due to its described roles at telomeres (48-50). We tagged one subunit of each SMC complex with an 216 Auxin-inducible degron (AID*) (Morawska and Ulrich 2013) ( Fig 3A) . As all of these complexes are 217 essential in yeast, this system allowed us to study their impact on telomere folding by degrading the 218 tagged protein through the addition of the plant hormone auxin (indole-3 acetic acid = IAA) to the 219 culture media. We treated the culture with auxin for 1 h, which resulted in a nearly complete depletion 220 of the respective proteins ( Fig 3A) , while not impacting the viability of the cells (S2A Fig) . Telo-3C 221 results showed, that telomere folding was not affected by the lack of any of the SMC complexes under 222 these conditions ( Fig 3B) . Therefore, although the SMC complexes are implicated in chromosome 223 compaction (51-53) and the establishment of chromosome domain boundaries and chromatin loops 224 (54,55), they are not a requirement for telomere folding.
225
We tested the telomeric proteins Rif1 and Rif2 for their contribution to establishing telomere folding.
226
Both Rif1 and Rif2 were previously reported to regulate telomere structure as measured by the fold-227 back reporter gene (15). However, by Telo-3C we did not observe a telomere folding defect in either 228 rif1 or rif2 deletion mutants arguing that these two telomeric proteins might not contribute to the 229 establishment of telomere folding ( Fig 3C) . This discrepancy between the two methods might arise from 230 the two different readouts employed, or due to the introduction of an artificial subtelomere with the 231 reporter gene. Additionally, the chromatin structure at telomeres of rif1 and rif2 mutants is altered which 232 affect natural and modified subtelomeres in different ways (4,5).
233
In human cells the t-loop consists of a D-loop recombination intermediate, which is suggestive of a 234 strand invasion event. To test whether recombination may also be involved in yeast telomere folding, 235 we performed Telo-3C experiments in cells lacking the central HDR factors RAD51 and RAD52. We 236 found that telomere folding was decreased in both rad51 and rad52 mutants ( Fig 3D) . This strongly 237 suggests that in yeast, like in human cells, a strand invasion contributes to the establishment of a closed 238 telomere state.
239
As Rad51 and Rad52 promote repair in response to a DDR, we tested whether the most upstream factors 240 of the DDR, the checkpoint kinases Mec1 (ATR) and Rad53 (CHK2), may also contribute to telomere 241 folding. We depleted cells of Rad53 for 2 h using an auxin-inducible degron ( Fig 3E) , a treatment which 242 did not result in decreased cell viability (S2B Fig) . Under these conditions, we observed a significant 243 reduction of telomere folding ( Fig 3F) suggesting that an impaired DNA damage checkpoint does affect 244 the structure of the telomere. Surprisingly, the deletion of either MEC1 ( Fig 3G) or TEL1 ( Fig 2F) back defective mutants and proteins that become downregulated during senescence ( Fig 4B) .
262
Downregulation of these candidate proteins during senescence may therefore contribute to the loss of a 263 closed telomere state. Compared to the complete set of downregulated proteins during senescence, the 264 21 candidates ( Fig 4C) were significantly enriched for the gene ontology terms of protein and histone 265 deacetylation (S4C Fig), suggesting an epigenetic mechanism underlying telomere folding regulation 266 during senescence. The proteins Sir2, Sin3 and Set2 were of particular interest as they antagonize histone 267 acetylation and were reported to be involved in telomere silencing or the regulation of telomeric 268 chromatin (57-64). We tested the identified chromatin modifiers in a Telo-3C assay and found that 269 indeed the deletions of SIR2, SIN3 and SET2 were telomere folding defective ( Fig 4D) . We further 270 confirmed the downregulation of Sir2, Sin3 and Set2 during senescence (tlc1) as observed by mass 271 spectrometry ( Fig 4A) through western blotting ( Fig 4E) . In pre-senescent cells and post-senescent 272 survivors, protein levels did not differ from those of telomerase positive wild type cells ( Fig 4E) . Of 273 note, we observed a modified Sir2 species in senescent cells suggesting a specific regulation of Sir2's 274 activity, localization or stability during the senescence program ( Fig 4E) . Telomere length of these 275 mutants is similar to wt length or in the case of sin3, only slightly shorter ( Fig 4F, S5A Fig) . This further 276 supports the notion that telomere length and the state of telomere folding are uncoupled from each other.
277
We estimated the telomere silencing status by measuring levels of the long non-coding RNA (lncRNA)
278
TERRA from telomere 1L. TERRA is a lncRNA transcribed from subtelomeric promoters which are 279 under the influence of local chromatin state (65). As expected, subtelomeres of cells lacking SIR2 were 280 desilenced and TERRA levels were approx. 10x higher than wt ( Fig 4G) . As previously reported the 281 increase in TERRA was heterogeneous in tlc1 cells, due to the stochastic appearance of critically short 282 telomeres ( Fig 4G) (66). TERRA levels were also slightly increased in sin3 and set2 mutants ( Fig 4G) .
283
Therefore, the state of telomere folding may have effects on TERRA levels in the cell.
284
We show here, that Sir2, Sin3 and Set2 are involved in the regulation of telomere folding. The levels of 285 these histone modifiers are downregulated during senescence, which may contribute to the open state during this process. Interestingly, Sir2, Sin3 and Set2 protein levels were not downregulated in a folding-287 proficient tel1 mutant with very short telomeres (S5B Fig, Fig 2D, 
291
We were wondering what the functional consequences of reduced telomere folding are and if the 292 opening of the telomere structure might lead to a higher incidence of non-homologous end joining 293 (NHEJ) between chromosome ends. We addressed how frequently telomere-telomere fusions (T-TFs) 294 occur in sir2, sin3 and set2 mutants by quantitative PCR for T-TFs between chromosomes V and XV 295 (39,40) ( Fig 4H) . As expected mec1 tel1 sml1 cells accumulated T-TFs as previously reported (37-40) 296 ( Fig 4H) . In contrast, the telomeres of sir2, sin3 and set2 mutants as well as those of telomerase negative 297 cells (tlc1), did not present an increased incidence of T-TFs. Also the double mutants of sir2, sin3 and 298 set2 in combination with loss of TLC1 showed similar T-TFs frequencies as wt cells ( Fig 4H) . Therefore, 299 decreased folding does not render telomeres more susceptible to NHEJ.
300
Discussion 301
In this study we adapted the 3C methodology to detect and quantify the interaction of an unmodified 302 yeast telomere with adjacent regions on the juxtaposed subtelomere. Interestingly, interactions between 303 telomere 1L and its subtelomere occurred much more frequently (or stably) than internal interactions 304 (non-telomeric regions) on the same chromosome. We can envisage different explanations for this result.
305
The most straightforward being that DNA ends have a greater mobility as compared to constrained 306 internal loci and hence experience more frequent interactions with nearby loci. Indeed, the interaction 307 frequency of telomere 1L gradually decreases along the chromosome arm towards the centromere, 308 clearly indicating a proximity effect. Alternatively, but not mutually exclusive, the existence of a 309 specific heterochromatin domain at the end of the chromosome may favor the formation of a folded-310 back structure. This is supported by the genetic dependence of telomere folding on chromatin modifiers 311 such as Sir2, Sin3 and Set2, all of which promote histone deacetylation and hence a more 312 heterochromatic environment. Although Telo-3C can confirm that such telomere-subtelomere 313 interactions are occurring, we cannot infer the stability of the interactions, nor can we gain insights into 314 the structural features of the fold-back. Indeed, the fold-back may actually resemble a lariat or loop with 315 a single touch down point or it may really fold back onto itself and have multiple touching points. We 316 also cannot rule out that the heterochromatic domain at telomeres may exist in the shape of a condensed 317 "knot" rather than the classical fold-back model, whereby interactions within the "knot" occur more 318 frequently and more stably than outside of this structure. It is also tempting to speculate which factors 319 or chromatin landscape might define the borders of this heterochromatin domain. One possibility is that 320 the boarders are defined by a histone mark transition zone, as suggested for an extended silencing 321 domain at subtelomeres (67), mainly concerning H3K79 methylation which is set by the histone 322 methyltransferase Dot1.
323 Surprisingly, telomere folding is not affected when any of the SMC complexes are depleted. This 324 suggests, that the telomere folding mechanism is independent from the loop extrusion mechanism of 325 cohesin, as well as being distinct from condensin-mediated chromatin condensation. We also observed, 
382
In mutants defective for telomere folding we did not observe an increased incidence of telomere-383 telomere fusions. Also when telomerase was deleted in addition to the histone modifiers Sir2, Sin3 and 384 Set2, telomere-telomere fusion did not increase. This suggests that the non-homologous end joining 385 repair pathway cannot act on unfolded telomeres and that they remain protected from fusions ( Fig 5B) . to suppress fusions which would correspond to the observed yeast telomeres lacking a folded structure 393 but being resistant to NHEJ (Fig 5B) . In the "uncapped" state, telomeres are fully dysfunctional, open, 394 and permissive to repair events (Fig 5A, bottom) .
395
In summary, we propose that the presence of the histone modifiers Sir2, Sin3 and Set2, as well as the 396 DDR and HDR factors, is required for the successful establishment of telomere folding ( Fig 5) fixed in 70 % ethanol over night at 4°C. After fixation, cells were centrifuged at 13,000 rpm for 5 min 441 and washed in 800 µl 50 mM Tris pH 7.5. RNA was digested in a 50 mM Tris pH 7.5 solution containing 442 0.25 mg/ml RNaseA for 2 h at 37 °C. 25 µl of 20 mg/ml proteinase K were added and incubated at 50 °C 443 for 2 h. Samples were sonicated for 10 s in a BRANSON sonifier 450 with the following settings: 444 constant mode, 10 sec, power 1. After sonication SYTOX Green was added to a final concentration of 445 2 µM in 50 mM Tris and analyzed on a BD FACSVerse flow cytometer. 20,000 events were recorded 446 per sample and the data was analyzed with BD FACSuite.
447
Flow cytometry analysis for cell viability 448 0.68 OD 600 units of cells were collected and the cell pellet was washed with 1 ml 50 mM Tris pH 7.5. 449
After spinning down the cells for 1 min at 7000 rpm, the pellet was resuspended in 1 ml 50 mM Tris pH 450 7.5 containing 0.5 M SYTOX Green. Cells were analyzed on a BD FACSVerse flow cytometer recording 20,000 events. The data was analyzed with FlowJo 10.6.1. As a control sample for dead cells, 452 cells were incubated at 95 °C for 15 min and subjected to the described protocol.
453
RNA extraction and qRT-PCR to measure TERRA levels 454 RNA extraction, DNase treatment and reverse transcription were performed as described in (66). qPCR 455 analysis was performed by the CFX384 Touch Real-Rime PCR Detection System (Bio-Rad) using 456
DyNAmo Flash SYBR Green (Thermo Scientific). steps were performed at 55 °C. The membrane was exposed to a phosphoimager screen and the signal 509 was detected via Typhoon FLA 9500 (GE Healthcare).
510
Probes for Southern blot
511
The telomere-specific probe was obtained by digestion of pBL423 with EcoRI followed by gel 512 extraction using the QIAquick Gel Extraction Kit (Qiagen). Plasmid pBL423 was a kind gift from M.P. 513
Longhese (pSP100 values. Heatmap for enriched proteins were generated using the "pheatmap" (version 1.0.12) or 553 "ggplot2" (version 3.2.1) package in R. Additionally the Venn diagram was generated using the "eulerr" 554 (version 5.1.0) package in R (version 3.5.1).
555
Telomere-telomere fusions analysis 556 Telomere-telomere fusions (T-TFs) were analyzed by semiquantitative and quantitative PCR analyses 557 as reported (39), with the modifications described in (40). Briefly, ~100 ng of Sau3A-treated genomic 558
DNA extracted by standard protocols from asynchronous cultures was PCR-amplified for 559 semiquantitative analyses using a primer from the X element of chromosome XV-L and a primer from 560 the Y' element of chromosome V-R. A DNA fragment from HIS4 was PCR-amplified as input control. 561
T-TFs and HIS4 were PCR-amplified using 35-40 or 20 cycles, respectively, under the conditions 562 previously reported, except for the annealing temperature (60 °C) and the extension time (30 s). 563
Quantitative analyses were performed by real-time PCR by using the same amount of Sau3A-treated 564 genomic DNA, the oligonucleotides used for semiquantitative analyses and the PCR conditions 565 described previously (Mieczkowski et al, 2003) . The frequency of T-TFs per genome was calculated 566 with the formula: T-TFs/genome = 2 -N / N = Ct (T-TFs) -Ct (HIS4). Prior to applying this formula, the 567 curves representing the increasing amounts of DNA for the two products as a function of the number of 568 PCR cycles were confirmed to be parallel (i.e., the slope of the curve representing the log of the input 569 amount versus ∆Ct was < 0.1).
570

Construction of strains with auxin inducible degrons
571
Strains carrying auxin-inducible degrons (AID*) for SMC complexes were created as described before 572 (81). Primers for tagging are listed in S2 Table. 573
The RAD53-AID*-9MYC construct was transferred from the strain published by Morawska and Ulrich 574 2013 into the S288C background. For this purpose, the c-terminal sequence of RAD53 including the tag 575 was amplified by PCR and integrated into a strain carrying leu2::AFB2::LEU2 (yKB244).
576
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Figures and Tables
818
A. Schematic representation of the Telo-3C method. Formaldehyde was used to crosslink 819 chromosome interactions such as telomere folding. DNA was digested with the restriction 820 enzyme NcoI and DNA ends were ligated under diluted DNA conditions. Previously tandem 821 primer pairs (blue arrows) got converted to convergent primer pairs by ligation, and telomere 822 folding was detected by qPCR. Red arrowheads = telomere repeats; Scissors = NcoI restriction 823 sites 824 B. Illustration of NcoI cut sites along the subtelomere 1L and the primers (blue arrows) used to 825 detect interaction frequencies between the respective sites. P5 was used as anchor primer in 826 close proximity to the telomeric repeats. Genomic location of primers and cut sites (scissors) 827
were calculated from the end of telomere 1L (depicted in bp) as annotated on SGD 828
(Saccharomyces genome database).
829
C. The Telo-3C protocol was performed without digesting or ligating the chromatin as indicated. 830
The interaction frequency was normalized to an intergenic PCR product. The rel. interaction 831 frequency of the sample which was performed with the complete Telo-3C protocol was set to 832 1. Technical replicates were performed for this sample. Mean +/-SD of 4 independent 833 experiments.
834
D. The Telo-3C protocol was performed on increasing amounts of chromatin which was not 835
crosslinked (x-link) with formaldehyde. The interaction frequency was normalized to an 836 intergenic PCR product. The rel. interaction frequency of the sample which was performed with 837 the complete Telo-3C protocol was set to 1. Mean +/-SD of 3 independent experiments. 838
Technical replicates were performed for the non-x-linked samples.
839
E. Relative interaction frequencies of telomere 1L with loci of increasing distance from the 840 telomeric repeats (primers P6, P7 and P9). The interaction frequency was normalized to an 841 intergenic PCR product. The rel. interaction frequency of P5 and P6 was set to 1. Mean +/-SD 842 of 6 independent experiments.
843
F. Illustration of NcoI cut sites along chromosome 1 (non-telomeric) and the primers (green 844 arrows) used to detect interaction frequencies between the respective sites. Genomic location of 845 primers and cut sites were calculated from the end of telomere 1L as annotated on SGD.
846
G. Telo-3C results comparing the relative interaction frequencies of telomeric with non-telomeric 847 loci on chromosome 1 using the indicated primer pairs. The interaction frequency was 848 normalized to an intergenic PCR product. The rel. interaction frequency of P5 and P6 was set 849 to 1. Mean +/-SD of 4 independent experiments. for Telo-3C were collected at the indicated time points (+). We define PD0 as the time the 854 senescence curve was started in liquid media from the germinated spore.
855
B. Southern blot for all telomeres on XhoI digested genomic DNA using a radio-labeled (TG)n-856
repeat containing vector fragment. One representative sample for each genotype is shown. The 857 dotted line indicates wt telomere length.
